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In situ powder X-ray diffraction and thermogravimetry show that the iron(III) carboxylate material
MIL-53(Fe) expands in two steps upon exposure to methanol vapour to give a ‘half open’ phase and
then a fully expanded structure; these correspond to the uptake of one and two molar equivalents
of methanol, respectively. This knowledge allows interpretation of inelastic neutron scattering (INS)
spectra, measured using TOSCA at ISIS, of the solid loaded with various amounts of water, methanol
or d3-methanol (CD3OH), aided also by DFT simulation of INS spectra of the analogous MIL-53(Al)
structure. The key signature of the expansion and contraction of the structure is the shift of bands
in the 400 cm1 region: these are assigned as due to the librations of the terephthalate rings, involving
motions that result in distortion of the aromatic ring and a rocking motion of the aromatic ring about
the bonds to the carboxylate groups.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction M(OH,F)(O2C–C6H4–CO2), where the organic linker is 1,4-benzene-Host–guest interactions in metal–organic frameworks (MOFs)
are of importance in the potential application of these materials
in areas such as gas storage, molecular separation and catalysis
[1–4]. MOFs are presently the focus of a large amount of attention
due to their novel porous architectures, their extremely high sur-
face areas and highly functionalisable structures, all of which give
them distinct differences from the well-known inorganic zeolites
and zeotypes. One intriguing aspect of certain MOF materials is
the presence of unusual solid-state ﬂexibility: this can involve
atomic displacement of several Ångströms while atomic-scale
connectivity and crystallinity of the structure is maintained.
Kitagawa and co-workers have classiﬁed the various types of ﬂex-
ible MOF structures [5], while Férey and co-workers have estab-
lished the atomic-scale mechanisms of so-called ‘breathing
solids’ [6]. Such ﬂexible porous materials may ﬁnd practical appli-
cation as tuneable molecular sieves, whose pore size responds to
the presence of guest molecules or solvent to allow cooperative
adsorption [4].
One well-studied ﬂexible MOF is the material known as
MIL-53 [7]. This is a metal carboxylate with chemical formuladicarboxylate and the metal is in the +3 oxidation state and may be
Fe [8], Cr [7], Sc [9], Al [10] or Ga [11]. The structure is constructed
from chains of trans-corner-sharedmetal-centred octahedra, where
the bridging atom is either the oxygen of the hydroxide ion or a ﬂuo-
ride ion. The chains are cross-linked by the 1,4-benzenedicarboxyl-
ate anions to give diamond-shaped channels running parallel to the
inorganic chains. This material shows a remarkable ‘breathing’
property, Fig. 1, where removal of water from the Cr or Al material
changes the structure from a ‘closed pore’ form to a ‘large pore’
form, which involves atomic displacements of >5 Å and is fully
reversible [7]. This phenomenon may also be driven by tempera-
ture, with the large-pore, water-free material found for Al and Cr,
closing upon cooling to below 150 K [12]. In the case of the Fe
analogue, the addition of solvent causes the material to swell to
varying amounts depending on the nature of host–guest and
guest–guest interactions [13]. The breathing behaviour of the MIL-
53 is dependent on the choice ofmetal:while the Al andCrmaterials
expand fully upon removal of water, Fig. 1, the Fe analogue actually
contracts slightly upon dehydration [8] and only expands in the
presence of other guests, such as organic molecules [13].
Although the guest molecules in MIL-53 at various stages of
breathing may be ordered crystallographically, which has allowed
their relative positions to be determined with some accuracy [14–
16], in somecases considerabledisorder is encounteredand the loca-
tion of guestmolecules is unresolved. The case of small alcohols falls
in this category: the primary alcohols methanol, ethanol and
propan-1-ol all give fully expanded forms of MIL-53(Fe) yet their
Fig. 1. Structures of the MIL-53 framework. (a) dehydrated MIL-53(Fe) [8], (b) hydrated MIL-53(Fe) (a similar structure is seen for hydrated MIL-53(Cr,Al)) [8], (c) Half-open
MIL-53(Fe)[2,6-lutidine] [14] and (d) Fully-open MIL-53(Fe)[2,6-lutidine, H2O] [14]; similar structures are seen for MIL-53(Fe) [xylene] and dehydrated MIL-53(Cr,Al). Guest
molecules are omitted in each case, except in (b) where the oxygen of the water molecule is shown as a red sphere.
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resolution powder XRD suggests there is considerable orientational
disorder of the small alcohol molecules in the large pores [17]. The
fact that the small molecule methanol gives a maximum swelling
of the structure implies that theremust be clusters ofmethanolmol-
ecules occupying the pore space since much larger molecules, such
as the isomersof xylene, give the same fully expandedstructure. This
is consistent with the view that it is host–guest and guest–guest
interactions rather than volume occupied by the guest alone that
drives the solvent-induced swelling of MIL-53.
In this paper we describe the use of inelastic neutron scattering
(INS) to gain insight into the location of the simplest alcohol guest
molecule, methanol, in MIL-53(Fe) and the nature of interactions
between the guest and host. The objective was to gain greater in-
sight into the swelling of ﬂexible MOFs when the guest molecules
present show no long-range order, using a spectroscopic approach.
Previous work using infra-red spectroscopy was used to examine
guest–guest and host–guest interactions for the alcohols methanol
and ethanol in the Cr analogue of MIL-53 [18]. Our aim was to use
the greater sensitivity of INS to all hydrogen-containing species,
including the organic linker, to investigate the response of the
MOF framework to guest species so to understand further the driv-
ing forces responsible for the breathing effect.
2. Experimental section
A sample of MIL-53(Fe) was prepared according to the literature
using a solvothermal method. Iron(III) chloride hexahydrate
FeCl36H2O (Aldrich, 97%, 6 g), 1,4-benzenedicarboxylic acidHO2C–(C6H4)–CO2H (Aldrich, 98%, 3.7 g), hydroﬂuoric acid (Al-
drich, 40% in water, 1.2 mL) in N,N0-dimethylformamide (DMF, Al-
drich 99%, 100 mL) and H2O (3.2 mL) were stirred continually
under reﬂux for 3 h. The light orange MIL-53(Fe)[DMF] powder
was washed with MeOH causing complete exchange of DMF mol-
ecules by MeOH to give MIL-53(Fe)[MeOH]. Finally, MIL-53(Fe)[H2-
O] was obtained after drying in air at 70 C for 1 h. Quantitative
elemental analyses gave the following results: Fe: 18.5%; C:
37.1%; H: 2.4% and F: 2.9% which compare well with those calcu-
lated from the formula FeIII(OH)0.6F0.4(O2C–C6H4–CO2)  (H2O): Fe:
21.83%; C: 37.56%; H: 2.58% and F: 2.97%.
Powder X-ray diffraction was used to conﬁrm the identity of
the solid product and also to examine its ﬂexible behaviour. A
Bruker D8 diffractometer operating with Cu Ka1/2 radiation
was used for these experiments with the sample packed into a
ceramic holder and data measured in hh geometry using a
VÅNTEC solid-state detector, which permitted a typical diffraction
pattern to be accumulated in around 3 min. The diffractometer
was equipped with an Anton Parr XRK 900 reactor chamber
which allowed gases to be passed over the sample. For our exper-
iments, either dry nitrogen was used, or the nitrogen was bubbled
through methanol in a Drechsel bottle to introduce a vapour of
methanol over the sample. The powdered sample was packed into
the holder to allow space for expansion and its height was
checked after the experiment to ensure that no movement had
occurred. Proﬁle analysis (Le Bail intensity ﬁtting with reﬁnement
of lattice parameters) of individual powder X-ray patterns was
performed using the GSAS suite of software [19] implemented
within EXPGUI [20].
Fig. 2. Contour XRD plots showing (a) the introduction of methanol vapour to
hydrated MIL-53(Fe) using a low ﬂow of nitrogen gas (A) and switching to a high
ﬂow of nitrogen gas (B), and (b) the dehydration of MIL-53(Fe)[H2O] using a ﬂow of
nitrogen (A) before the introduction of methanol vapour using a low ﬂow of
nitrogen (B) and then switching to a high ﬂow of nitrogen (C).
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used to assess the uptake of methanol by MIL-53(Fe). Approxi-
mately 6 mg of the solid MOF was placed in an aluminium pan
and its mass monitored as dry nitrogen or dry nitrogen bubbled
through methanol was passed over the sample.
INS experiments were carried out using the TOSCA neutron
spectrometer at the ISIS facility, the UK spallation neutron source
[21]. TOSCA is a crystal-analyser inverse-geometry spectrometer,
where the ﬁnal neutron energy is selected by two sets of pyrolytic
graphite crystals placed in forward scattering (at around 42.6with
respect to the incident beam) and in backscattering (at about
137.7 with respect to the incident beam). This arrangement sets
the nominal scattered neutron energy to E1 = 3.35 meV (forward
scattering) and to E1 = 3.32 meV (backscattering). Higher-order
Bragg reﬂections are ﬁltered out by 120 mm-thick beryllium rods,
wrapped in cadmium and cooled down to a temperature lower
than 30 K. The incident neutron energy, E0 spans a broad range
allowing coverage of an extended energy transfer (E = E0  E1) re-
gion: 3 meV < E < 500 meV. Around 1 g of accurately weighed
MIL-53(Fe) was loaded into an aluminium sample holder. The sam-
ple was studied in several states, see Table 1: hydrated (Experi-
ment 1), dehydrated by heating the loaded sample holder at
100 C before tightly sealing (Experiment 2), with one molar equiv-
alent of methanol added to the dehydrated phase (Experiment 3),
with one molar equivalent of d3-methanol (CD3OH) added to the
dehydrated phase (Experiment 4), with two molar equivalents of
d3-methanol added to the dehydrated phase (Experiment 5) and
with one molar equivalent of d3-methanol added to the hydrated
phase (Experiment 6). The methanol was injected into the cell be-
fore the cell was sealed and then gently warmed to reach equilibra-
tion. The samples were cooled to 15 K for the INS measurements
and spectra accumulated over a period of 6 h per sample. For
comparison, INS spectra were also recorded from pure CH3OH
and pure CD3OH. All INS data were reduced and normalised using
the MANTID platform [22] to yield INS spectra plotted as a function
of energy and normalised to the mass of sample used in each
experiment.
Normal mode vibrational analysis of MIL-53 INS in both open
and closed structures was performed with ab initio lattice dynam-
ics based on density-functional theory and the plane-wave pseudo-
potential method as implemented in the CASTEP code [23,24]. The
structures were relaxed to the positions of minimum energy keep-
ing the lattice parameters ﬁxed at the experimental values. A plane
wave energy cut-off of 460 eV was used, reciprocal space was sam-
pled with a Monkhorst–Pack scheme using a k-point mesh of spac-
ing <0.05 Å-1 for all phases and Vanderbilt ultrasoft
pseudopotentials for the atoms and the ﬁnite displacement meth-
od for the calculation of the dynamical properties [12]. Simulations
of the MIL-53 INS spectra were performed using the aClimax soft-
ware [25] using the structural coordinates of the dehydrated MIL-
53(Al) structure in both fully open and closed forms. Using this
methodology the vibrational modes of both structures were as-
signed and used to assist the interpretation of the measured INS
spectra of the MIL-53(Fe) materials.Table 1
Summary of the samples studied on TOSCA.
Experiment Number MIL-53(Fe)[H2O]/g
1 0.9
2
3
4
5
6 1.0
7
83. Results and discussion
Fig. 2a shows a contour map of powder X-ray diffraction data
measured during the ﬂow of methanol-saturated nitrogen over hy-
drated MIL-53(Fe) (C2/c, 1000 Å3). This shows that under a low
ﬂow of methanol-saturated nitrogen the framework opens to the
half-open structure (C2/c, 1192 Å3). Fig. 2a also shows how upon
switching to a high ﬂow of methanol-saturated nitrogen the frame-
work expands completely to the fully-open phase (Imcm, 1590 Å3).
Fig. 2b shows the introduction of methanol vapour to the dehy-
drated MIL-53(Fe). Prior to the introduction of methanol the water
is removed from the structure at room temperature using a ﬂow of
dry nitrogen; the dehydrated framework has the same topology as
the hydrated material but the unit cell volume contracts by
approximately 10% (C2/c, 904 Å3). As found for the hydrated mate-
rial, the methanol vapour was introduced with two ﬂow rates and,MIL-53(Fe)/g CH3OH/g CD3OD/g
0.82
1.06 0.18
0.87 0.14
0.98 0.31
0.19
0.50
0.50
Fig. 3. Proﬁle ﬁts of the four main phases; (a) dehydrated, (b) hydrated, (c) the half-open methanol phase and (d) the fully-open methanol phase from the in situ powder XRD
data.
Fig. 4. Thermogravimetric trace showing the mass loss/gain of MIL-53(Fe)[H2O]
during the removal and introduction of different guest molecules following initial
dehydration. The masses are normalised to the mass of the dehydrated material and
the horizontal dotted lines indicate the theoretical normalised masses of A = MIL-
53(Fe), B = MIL-53(Fe)[H2O], C = MIL-53(Fe)[CH3OH] and D = MIL-
53(Fe)[2(CH3OH)].
Fig. 5. Thermogravimetric trace showing the mass loss/gain of MIL-53(Fe)[H2O]
during the removal and introduction of different guest molecules. The dotted lines
indicate the theoretical masses of A = MIL-53(Fe), B = MIL-53(Fe)[H2O], C = MIL-
53(Fe)[CH3OH] D = MIL-53(Fe)[CH3OH + H2O] E = MIL-53(Fe)[2(CH3OH)] and
F = MIL-53(Fe)[2(CH3OH) + H2O].
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Fig. 7. INS spectra of methanol and d3-methanol.
34 A.S. Munn et al. / Chemical Physics 427 (2013) 30–37similarly, the framework opens in two stages; under a low ﬂow the
framework expands to the half-open phase and under a high ﬂow
the framework expands completely to the fully-open phase.
Fig. 3 shows proﬁle ﬁts to individual patterns recorded in situ
during the methanol induced expansion of MIL-53(Fe), which con-
ﬁrms the degree of expansion of each structural form and quanti-
ﬁes their lattice parameters. These results show the expected
ﬂexibility of the MIL-53 structure: in the presence of methanol va-
pour dehydrated MIL-53(Fe) readily and reversibly expands. Our
previous time-resolved diffraction studies performed in the pres-
ence of liquid methanol showed that in an excess of methanol a
fully expanded form of MIL-53 is produced via a transient half-
open form; however, if the methanol was diluted in water then a
half open state was stable for many hours [17]. Thus the behaviour
of the same material towards vapour-phase methanol is similar.
To determine the amount of methanol taken up by MIL-53 un-
der the same conditions as used in the in situ XRD experiments,
gravimetric analysis was used, Figs. 4 and 5. The results for dehy-
drated MIL-53(Fe) (Fig. 4) show that the material can be success-
fully dehydrated in situ by heating to 150 C, whereupon one
molar equivalent of water (per Fe) is lost from the material. Then,
upon switching to a ﬂow (50 cm3 min1) of methanol-saturated
nitrogen, one molar equivalent (per Fe) of methanol is adsorbed
into the structure of the dehydrated material. Upon increasing
the ﬂow rate (>90 cm3 min1) of methanol-saturated nitrogen a
second molar equivalent of methanol is taken up. The methanol
can be completely removed by subsequent heating to 150 C. Upon
switching to a ﬂow (50 cm3 min1) of water-saturated nitrogen,
one molar equivalent of water is adsorbed by the structure.
The gravimetric analysis results for hydrated MIL-53(Fe) (Fig. 5)
show that upon application of a ﬂow (50 cm3 min1) of methanol-
saturated nitrogen, one equivalent (per Fe) of methanol is adsorbed
by the hydrated material but the mass increase would suggest that
the water remains associated with the solid (this could be on the
surface, or co-adsorbed with the methanol). Upon increasing the
ﬂow rate (>90 cm3 min1) of methanol-saturated nitrogen a sec-
ond equivalent of methanol is taken up, and again the mass in-
creases suggests that the water is still present. The methanol
(and water) can be completely removed by subsequent heating
to 150 C. Upon switching to a ﬂow (50 cm3 min1) of water-satu-
rated nitrogen, one equivalent of water can then by adsorbed by
the material.Fig. 6. INS spectra of (a) hydrated and dehydrated MIL-53 (Experiments 1 and 2)
and (b) the difference curve.By consideration of the in situ XRD results and the gravimetric
analysis together we conclude that dehydrated MIL-53(Fe) is able
to adsorb one molar equivalent of methanol to give a half-open
form (C2/c V = 1200 Å3) and then a second molar equivalent to give
the fully expanded structure (Imcm V = 1590 Å3). The hydrated
MIL-53(Fe) also adsorbs methanol in two steps, but it is apparent
that the water remains associated with the solid, either co-ad-
sorbed or bound to the surface. Having established the ﬂexible
characteristics of the MIL-53(Fe) framework in the presence of
methanol we then considered the INS spectra.
Fig. 6 shows a comparison between INS spectra of hydrated and
dehydrated MIL-53(Fe) (Experiments 1 and 2 in Table 1). We know
that the hydrated material easily loses water upon heating and
shows a small contraction upon dehydration so these experiments
provide reference spectra before other guest molecules are intro-
duced. The intense signal at low energies (<100 cm1) and the
broad signal in the region 350–450 cm1 seen in the spectrum of
the hydrated material can easily be assigned as the translational
and librational modes, respectively, of the adsorbed water mole-
cules [26,27]. In other systems that contain adsorbed water, such
as microporous zeolites and phosphates [28–30], or biological
macromolecules [31], similar features have been observed and
they are often broadened in the same way as seen in hydrated
MIL-53(Fe). This broadening may therefore be ascribed to water
interactions with the host structure. The broad librational feature
is lost upon dehydration of MIL-53(Fe) and changes elsewhere in
the INS spectrum are observed.
The region around 400 cm1 shows signiﬁcant changes upon
water loss; the well-deﬁned features in this region of the spectrum
of the dehydrated material shift to higher energies. To assign the
bands in the measured INS spectra we consider the simulated
INS spectra of the isostructural MIL-53(Al) material in closed and
fully open forms [12], and Table 2 summarises key structural mo-
tions that give rise to the strongest bands in the spectra.
Changes in the 400 cm1 region are due speciﬁcally to changes
in the librations of the terephthalate rings that are part of the or-
ganic linker in the structure, as indicated in Table 2. These involve
motions of the carbon atoms resulting in a distortion of the aro-
matic ring and a rocking motion of the aromatic ring about the
bonds to the carboxylate functions. We can propose a hardening
of these vibrations is the result of the rings being brought closer to-
gether upon framework contraction due to dehydration. Inspection
of the crystal structure [8] shows that the C–H distances between
neighbouring terephthalate rings in the closed form of the struc-
ture are as short as 3 Å, and this increases to 5 Å in the fully open
material; hence contraction of MIL-53(Fe) upon dehydration will
bring the terephthalate rings in close proximity, hindering their
motion. This motion is the strongest spectroscopic signature of
the opening of the structure. The spectral features in the region
800–1200 cm1 may also be assigned as arising from motions of
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MIL-53(Al) [12], but here the C–H hydrogen atoms are strongly in-
volved in the motion of the organic. Upon dehydration the posi-
tions of these bands are not greatly affected, but the intensity is
redistributed.
One band in this region stands out as being more intense in the
hydrated material: that at 950 cm1. Inspection of the simulated
INS spectra, Table 2, suggests that this may be assigned as an O–H
motion. Its intensity would therefore affected by the presence of
hydrogen-bonded guest water molecules, which are know to pres-
ent an ordered arrangement [8].
Addition of d3-methanol to MIL-53(Fe) causes further and sig-
niﬁcant changes in the measured INS spectra. First, it is important
to note that the INS spectra of MIL-53 loaded with methanol shows
no evidence for bulk, solid methanol. Fig. 7 shows the INS spectraTable 2
Assignment of the most intense simulated bands seen in the INS spectra of c
motions involved. The prisms represent the diamond-shaped channels of thof solid methanol samples, which show strong librational modes of
methyl groups below 200 cm1, which are attenuated in CD3OH
compared to CH3OH, due to the lower scattering cross section of
deuterium compare to protons and a distinct feature due to OH
librations at 700 cm1 This suggests that all of the methanol is ta-
ken up by the porous host and none is crystallised on the surface of
the crystallites. The lack of the distinct features of the solid meth-
anol spectra in the INS spectra of the MIL-53(Fe)[d3-methanol]
spectra (Figs. 8 and 9) would be consistent with a more disordered,
liquid-like arrangement of methanol molecules in the metal–or-
ganic framework.
As proved above, by XRD and TGA, the introduction of one
equivalent of methanol to the dehydrated (V  900 Å3) sample re-
sults in the uptake of methanol and an opening of the structure
(V  1200 Å3). The difference INS spectra of MIL-53(Fe) with onelosed and fully open forms of MIL-53(Al), with schematics of the atomic
e MIL-53 structure (cf. Fig. 1).
Fig. 8. INS spectra of (a) dry MIL-53(Fe) with and without one equivalent of d3-
methanol and (b) the difference curve.
Fig. 9. INS spectra of (a) hydrated MIL-53(Fe) with and without one equivalent of
d3-methanol and (b) the difference curve.
Fig. 10. Top: the calculated difference spectra of the open MIL-53(Al) after
subtraction of the closed MIL-53(Al), and bottom: MIL-53(Fe) after introduction
of 1 equivalent of CD3OH (black) and after two equivalents of CD3OH (red) after
subtraction of the dehydrated MIL-53(Fe) spectrum. This spectral region corre-
sponds to the ﬁrst mode shown in Table 2. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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53(Fe), Fig. 8, shows that the shift in the peaks in the region of
400 cm1 is similar to the shift seen between the spectra of the hy-
drated (V  1000 Å3) and dehydrated (V  900 Å3) materials. This
shows that once the structure opens beyond a unit cell volume
of V  1000 Å3 little further softening of the linker vibrations oc-
curs, despite that they are now further apart in space. This suggests
that there is no further removal of steric interaction once the
framework expands beyond a certain point. There are further dif-
ferences in the region of 700–1000 cm1, due to the vibrations of
the hydrogens on the terephthalate rings, as described above; here,
the intensities of the distinct peaks in this spectral region become
less well-deﬁned, suggesting a spread of intensity, indicative of the
methanol interacting with the framework. This region these there-
fore also provides a convenient ﬁngerprint of the opening of the
MIL-53 structure. A similar conclusion was reached in a variable
temperature study of the dehydrated MIL-53(Al) material, where
the structure spontaneously closes upon cooling to 150 K [12]:
there, such rocking motions of the organic linker were postulated
as the driving force for the spontaneous reopening of the structure
upon heating.The addition of d3-methanol to the hydrated sample results in
the removal of the water from the structure and the replacement
with alcohol plus the opening of the structure, Fig. 9. The loss of
the broad signal at 400 cm1 due to librational modes conﬁrms
that the environment of water, if it is present, is not the same as
in the initial hydrated phase. Interestingly, in their IR spectroscopy
study of the interaction of MIL-53(Cr) with methanol, Bourrelly
et al. observed a complex hydrogen-bonded network of water mol-
ecules in the hydrated phase [18], and the disruption of this with
addition of methanol may explain the loss of distinct structure in
the INS spectrum of the iron analogue. There is also now no change
in the position of the two strong peaks at 400 cm1, which would
suggest that both the hydrated and methanol phases of MIL-53(Fe)
have sufﬁciently open structures that no shift in the terephthalate
librations is seen. The higher energy differences (700–1000 cm1)
are still seen: as noted above, this is indicative of complete frame-
work opening which is seen upon addition of methanol.
Fig. 10 shows a comparison of the region of the spectra showing
the librational bands of the terephthalate rings when one or two
equivalents of d3-methanol are added along with the simulated
spectrum of MIL-53(Al). This conﬁrms that the key signature of
the opening of the framework is a shift of the librational bands
of the terephthalate linkers, and that once the framework has been
opened with one equivalent of methanol to the half-open state no
further shift in the band occurs upon fully opening with the addi-
tion of the second equivalent of methanol. The experiments per-
formed using CH3OH (i.e., non-deuterated methanol) gave
virtually identical results to those from the d3-methanol, with
the exception of the presence of intense librational modes of –
CH3 groups below 200 cm1 (spectra not shown). This emphasises
that the main reponse to the guest molecule seen by INS is a signa-
ture of the host framework expansion, rather than a strong host–
guest interaction.4. Conclusions
INS allows new detail concerning the mechanism of guest-in-
duced expansion of a metal–organic framework material to be de-
duced, when combined with knowledge of long-range structural
A.S. Munn et al. / Chemical Physics 427 (2013) 30–37 37order from in situ powder XRD and composition from gravimetric
analysis. A characteristic of the ‘opening’ of the MIL-53 structure
are motions of the organic linker molecules that connect the struc-
ture in three dimensions. Such motions have previously been pro-
posed as the driving force of the thermally induced swelling of the
analogous aluminium material, and they also clearly provide a sig-
nature of the degree of expansion of MIL-53 in the presence of
guest molecules.
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